We demonstrate for the first time an optically pumped gas laser based on population inversion using a hollow core photonic crystal fiber (HC-PCF). The HC-PCF filled with 12 C 2 H 2 gas is pumped with ~5 ns pulses at 1.52 µm and lases at 3.12 µm and 3.16 µm in the mid-infrared spectral region. The maximum measured laser pulse energy of ~6 nJ was obtained at a gas pressure of 7 torr with a fiber with 20 dB/m loss near the lasing wavelengths. While the measured slope efficiencies of this prototype did not exceed a few percent due mainly to linear losses of the fiber at the laser wavelengths, 25% slope efficiency and pulse energies of a few mJ are the predicted limits of this laser. Simulations of the laser's behavior agree qualitatively with experimental observations. Hager, "Frequency-tunable optically pumped carbon monoxide laser," IEEE J. Quantum Electron. 36(9), 1041-1052 (2000). 6. H. C. Miller, D. T. Radzykewycz, and G. Hager, "An optically pumped midinfrared HBr laser," IEEE J.
Introduction
The need for portable, tunable lasers in the mid-infrared (mid-IR) is compelling. This eyesafe spectral region offers high atmospheric transmission essential to applications such as remote sensing and space-based terrestrial imaging and communications. Quantum cascade lasers (QCLs) have emerged as promising mid-IR sources and have even been integrated with photonic crystal resonator structures [1] . However, QCLs typically operate from 4 to 10 µm [2] , become multi-mode at high powers, and have thermal management challenges [3] . Optically pumped gas lasers, in which a narrow-band pump laser is resonant with the gasphase medium, can be pumped in the near-infrared to produce mid-IR emissions [4] [5] [6] [7] , but remain bulky and cumbersome. In this paper we report on the demonstration of a new class of optically pumped gas laser based on population inversion. The gas is confined to a HC-PCF whose transmission spans several octaves to reach the mid-IR spectral region. The laser produces light near 3 µm when pumped at ~1.5 µm, offering a potentially robust, efficient, and compact means of producing step-tunable eye-safe mid-IR radiation well suited to a multitude of applications.
Compared to solid state laser media, gases have attractive properties including high damage thresholds, the possibility of heat dissipation through gas circulation, relatively large gain cross-sections, and emission frequencies from the near to far-infrared. A variety of optically pumped gas lasers have been demonstrated, from the earliest CH 3 F [8] , CO 2 [9] , and OCS [10] , to alkali vapor [11] , CO [4, 5] , HBr [6] , C 2 H 2 and HCN [7] . Some of these mid-IR lasers can be pumped via ro-vibrational overtones at wavelengths in the telecommunication bands where commercial pump sources are well established and readily available. Early work with HBr gas cells pumped at 1.3 µm has demonstrated lasing at ~4 µm with conversion efficiencies of ~25% [6] . More recently cascade lasing in HBr at wavelengths near 4 µm suggests that conversion efficiencies exceeding 50% are possible [12] . The main disadvantage that has limited widespread use of gas lasers and prevented their integration into many practical optical systems is the bulky, fragile packaging necessary to achieve long optical path lengths and extract appreciable laser output due to the dilute nature of gas media.
The problem of weak interaction between light and gas has been solved with the advent of gas-filled HC-PCF, whereby light and the gas phase are confined to areas on the order of 100 µm 2 over distances of tens of meters [13] . A variety of nonlinear optical phenomena [14] have been demonstrated using HC-PCF including the development of a gas-filled fiber Raman laser [15] and a multi-octave spanning Raman frequency comb [16] . HC-PCF [17] consists of a hollow, air-filled core surrounded by a periodic array of smaller holes. Two classes of HC-PCF have emerged. The first guides via a photonic bandgap [17] and has demonstrated narrow-band guidance near 3 µm [18] , but not the octave-spanning guidance [19] required for this work. The second, represented by kagome HC-PCF [13] , guides via a mechanism akin to Von Neumann and Wigner states [20] whereby core and cladding modes can coexist essentially without coupling to each other. As a result of this salient feature, kagome HC-PCF permits ultra-broad, multi-octave spanning spectral guidance [13] , with reasonably low loss (< 1 dB/m) across a broad spectrum. These fibers can be spliced to solid-core fibers, creating compact, robust sealed gas cells that can readily be integrated into devices [21] .
Experimental gas-filled fiber laser setup

Fiber specifics
The kagome fiber used here is the first to demonstrate multi-octave spanning guidance that includes the mid-IR; its cross section and guided modes are shown in Fig. 1a -c. The fiber is formed from high purity, low OH content (~ 0.1 ppm) fused silica using a stack and draw technique. Light out to ~ 3.4 µm is reasonably well guided in the fiber, even though fused silica exhibits strong absorption at wavelengths beyond ~ 3 µm, because the light that propagates is mostly confined to the hollow central core. A 3-ring cladding surrounds a single-cell defect core ~ 45 µm in diameter, with excellent guidance at the pump wavelength of 1.52 µm and weak guidance near the laser wavelengths in the mid-IR. Figure 1d shows the measured and calculated fiber loss spectrum and the calculated group velocity. Standard cutback measurements were performed to measure the wavelength dependent loss of the fiber. A broadband optical source and an optical spectrum analyzer were used at wavelengths below 1.75 µm. The data at 3.16 µm was taken using the output of an optical parametric oscillator (OPO) coupled through the fiber and detected by a PbSe photodetector. The measured fiber loss is less than 0.5 dB/m near 1.5 µm and is 20 dB/m at 3.16 µm. More data points in the region beyond 1.75 µm can be taken but require a more stable OPO output mode and pulse energy while tuning the wavelength than was available. The calculated fiber loss is a result of the confinement loss of the fiber, which arises partially from the fact that the microstructured cladding region is finite in size, and partly from the intrinsic guidance mechanism of the fiber whereby there is a residual coupling between the cladding continuum modes and the guided core modes [16] . This results in a light leakage from core guided modes though the microstructured cladding into the outer bulk silica. In our work the confinement loss was calculated using finite element analysis software from JCMwave which was also used to solve the fiber modes. The measured and calculated fiber losses are in good agreement, allowing fast and accurate numerical customization and optimization of fiber loss profiles in the future.
Laser configuration
The laser setup is shown in Fig. 2a . The heart of the laser is the hollow PCF waveguide, which contains the gas-phase gain medium and serves as the laser cavity by guiding only emissions that fall within the guided modes of the fiber, effectively providing spectral and spatial feedback leading to coherent laser oscillation. Both ends of the kagome fiber are supported inside vacuum chambers within 1 cm of the windows, as shown in Fig. 2b , allowing light to be coupled through the evacuated fiber. Experiments were performed with 1.65-m and 0.95-m long HC-PCFs. Filling the evacuated fiber with acetylene ( 12 C 2 H 2 ) gas to equilibrium pressures of up to tens of torr takes only minutes owing to the relatively large fiber core, and implies average flow rates of ~ 10 10 molecules/s. Use of a 19-cell defect fiber with core diameters of 50-70 µm would further decrease the filling times and allow even faster flow rates. BK7 glass optics couple in pump light at ~ 1.5 µm, while CaF 2 optics couple light out. The laser is pumped with an OPO producing pulses roughly 5 ns in duration with a bandwidth of about 3.5 GHz tuned to resonance with the ν 1 + ν 3 (R7) ro-vibrational transition in 12 C 2 H 2 , λ = 1521.06 nm. The pump pulse energy incident on the fiber is kept below 100 µJ to avoid damage [22] . Polished germanium wafers filter transmitted pump light from mid-IR laser pulses exiting the fiber. The measured output mode profile is shown in Fig. 2c . A fast InGaAs photodetector measures pump pulse energy while a fast HgCdTe photodetector observes mid-IR pulses. 
Experimental results and discussion
Pump pulses excite acetylene molecules from the J = 7 rotational state of the vibrational ground state to the J = 8 rotational state of the ν 1 + ν 3 vibrational manifold (Fig. 3 inset) . Acetylene molecules can then leave this excited state via radiative transitions to the ν 1 vibrational state with corresponding emission wavelengths in the 3 µm region. Alternatively, molecules initially in the excited state may exchange energy nonradiatively through intermolecular collisions and collisions with the fiber wall, processes that can decrease the overall laser efficiency. The relative contribution of wall collisions is expected to be small at pressures above 2 torr, where the calculated mean free path of gas molecules is < 20 µm. Just as in the free space acetylene laser [7] , two peaks in the laser spectrum are seen at 3.12 µm and 3.16 µm (Fig. 3) . These peaks correspond to the dipole allowed transitions (∆J = ±1) from the J = 8, ν 1 + ν 3 excited state to the J = 7 and J = 9 rotational states of the ν 1 vibrational state. The absence of any other peaks indicates insufficient time for molecules in the excited state to rotationally mix through intermolecular collisions before the onset of lasing and vibrational relaxation. Measured total removal rates from the upper pump level are ~10 −9 cm 3 s −1 [23] . Figure 4 shows laser pulse energies measured at various acetylene gas pressures for a fixed pump energy. The maximum laser pulse energy is ~ 6 nJ measured at an acetylene pressure of 7 torr. Delays between the transmitted pump and laser pulses do not exceed 5 ns. Laser pulse durations were observed to be between ~ 3 ns and 5 ns. The lasing threshold occurs at about 200 nJ of coupled pump pulse energy and varies with pressure. The slope efficiency is only ~1% in comparison with about 10% from the free space acetylene laser [7] , but can be improved by reducing the fiber attenuation at the laser wavelength through optimization of the fiber length and pitch. Neglecting relaxation processes, the maximum possible slope efficiency for this laser is 25% and is a result of saturating both the pump and lasing transitions. In the limit of lossless fiber and 25% efficiency the ultimate achievable pulse energies to expect from these lasers should be limited by the fiber damage threshold. Damage fluences for 8-ns pulses at 1064 nm on the order of 100 J/cm 2 were observed for the cladding in HC-PCFs [22] , which roughly corresponds to the critical fluence of bulk fused silica. In contrast, a roughly 10 times higher fluence was demonstrated by the guided mode without causing catastrophic damage [22] . If we assume that the damage fluence scales as the square root of the pulse duration and is rather wavelength independent we obtain an estimate for the maximum pump energy that can be coupled into our fiber on the order of 10 mJ, resulting in a maximum laser energy of a few mJ. This energy limit can be increased through the use of larger core fibers, longer pulse durations and more efficient lasing schemes. Fig. 3 . Spectrum of the acetylene-filled PCF laser. The laser spectrum was taken using a grating spectrometer with ~ 1 nm resolution. The two peaks correspond to transitions from the J = 8, ν1 + ν3 pump state to the J = 7 and J = 9, ν1 state, corresponding to wavelengths of 3123.2 nm and 3162.4 nm, respectively. The inset shows pertinent transitions on an energy level diagram.
Modeling results
We use a simple model to qualitatively predict the trends observed in the experiment. The model system is comprised of only three states: a ground state, the pumped excited state, and a terminal excited state with no direct path for population to transfer to or from the ground state during our time scale of interest. The absorption cross-section for the pump transition is estimated as 7.7×10 −18 cm 2 [24] . Since data for the stimulated emission cross-section for the lasing transition is not available, we assume that it is of the same order of magnitude as that for the ν 3 → ν 0 transition, which is estimated to be ~ 2.2×10 −16 cm 2 using the known Einstein A coefficient [24] . A Gaussian pump pulse 5 ns long and 2 GHz in bandwidth spectrally centered on resonance with the gas at 1.52 µm enters the fiber, creating a population inversion. The laser pulse develops from spontaneous emission and co-propagates with the pump; linear fiber losses are accounted for. The model predicts an optimum pressure, experimentally observed in Fig. 4 , which is a function of the fiber length and pump energy. The optimum pressure essentially occurs when a given pump pulse energy just creates enough gain to balance the fiber loss at the end of the fiber. Any further increase in pressure causes additional pump absorption, resulting in more loss than gain before the fiber end. A smaller pressure dependent effect arises from the linewidth of the pump transition (~ 1 GHz at 7 torr [25] ). Fig. 4 . Measured dependence of laser pulse energy on gas pressure. Laser pulse energy increases with 12 C2H2 gas pressure and peaks at ~ 6 nJ at 7 torr. The pump pulse energy launched into the 1.65 m long fiber was about 1 µJ.
The measured and predicted laser pulse energies as a function of pump pulse energy are shown in Fig. 5a and Fig. 5b respectively. The experimental and calculated data are in good qualitative agreement, showing exponential-like small signal gain followed by the onset of saturation as the pump pulse begins to saturate the gas absorption at the end of the fiber. Only relative comparisons between experiment and calculation can be made because the exact fiber-to-free space coupling efficiencies are not known. Cut-back measurements to determine the actual efficiencies are complicated by time-dependent fluctuations in the spatial mode and center frequency of pump pulses from the OPO. Mid-IR laser output as a function of fiber length as predicted by the model is shown in Fig. 5c . When pumping at 6 µJ (solid curves), the first knee present in the laser energy curve occurs when the saturated gain approximately equals the linear fiber loss for the laser radiation. The plateau in the output power persists while the pump is able to maintain (saturated) gain that equals the linear fiber loss for the laser radiation, ending when the depleted pump cannot maintain sufficient population inversion. Figure 5d -f show the evolution of pump (blue) and laser (green) pulse power calculated at different positions along the length of the fiber for a launched pump (gray) pulse energy of 6 µJ. Initially the laser pulse develops at the leading edge of the undepleted pump pulse (Fig. 5d) . As the leading edge of the pump is absorbed and saturates the transition, the positive net gain window shifts towards later times during the pump pulse. As a result the laser pulse broadens and its center moves backwards (Fig. 5e) . At long fiber lengths the pump is almost completely absorbed and the laser pulse energy begins to decrease as the pump can no longer sustain the inversion necessary to compensate the fiber loss (Fig. 5f) . Additionally, the temporal width of the laser pulse broadens as it propagates along the fiber and never exceeds the 5-ns duration of the launched pump pulse. . Experimental and calculated laser pulse energy dependence on pump energy and fiber length. Laser pulse energy (a) measured and (b) calculated for various levels of pump pulse energy coupled into a 0.9 m long fiber containing 12 C2H2 at pressures of 2.5 and 7 torr. (c) The calculated laser (green curves) and pump (blue curves) pulse energies at different positions along the fiber length containing 7 torr of 12 C2H2 gas for two different launched pump pulse energies; the laser energy is multiplied by a factor of 50. (d-f) The calculated temporal profiles of the laser (green), and transmitted pump (blue) pulses along with the launched pump (gray) pulse at several positions along the fiber, where the laser power is scaled up by a factor of 5.5.
Conclusions
Realization of the first gas fiber laser based on population inversion holds great promise for coherence generation applications as well as for engineering high power, portable and robust, all fiber mid-IR sources in the future. One can effectively engineer gas-filled fiber laser sources at numerous wavelengths difficult to obtain with other technologies by carefully selecting the gas and designing the optical fiber. The gas must absorb at wavelengths where inexpensive, high-power pump sources exist, and lase at a wavelength of interest; the fiber should be highly transmissive at both the pump and laser frequencies while suppressing lasing on unwanted transitions. While the performance of solid core fiber lasers at high powers can be limited by the onset of nonlinear processes such as Brillouin and Raman scattering [26] , gas-filled HC-PCF lasers can be expected to surpass these limits and have higher thresholds for damage, because no glass or other host material is present in the high intensity region of the propagating modes. Thus, phase-locking multiple gas-filled fiber lasers together may achieve higher ultimate powers than can be realized with solid-core systems. Sealing the fiber permits an all-fiber device, facilitating easy integration into optical systems. Continuous-wave (CW) operation of the laser is paramount for use in many potential applications. This will require fast repopulation of the ground state, which may favor asymmetric molecules or require buffer gases for tailored energy transfer. The addition of buffer gases may speed rotational mixing of the excited state population, remove population from unwanted vibrational states, and accelerate heat dissipation. Furthermore, extremely efficient molecular CW lasers with very small quantum defects [27] similar to alkali vapor lasers seem feasible with PCFs.
